In an effort to use clean technologies, fatty acid methyl esters (FAME) produced from canola have been used as a polymerization solvent. Solution polymerizations of four commercially important monomers have been studied using FAME as a solvent. A series of methyl methacrylate (MMA), styrene (Sty), butyl acrylate (BA) and vinyl acetate (VAc) homopolymerizations in FAME were carried out at 60
Introduction
The solution polymerization method, an important polymer production technology, has faced several ecological criticisms in the last decade. 1 Many of the solvents which are used in this technique are known to have a negative impact on our ecosystem by diminishing the ozone layer and participating in reactions that form tropospheric pollution. Moreover, they can cause cancer, infertility and genetic disorders in individuals frequently exposed to them. 2 One of the ways to avoid some of these side effects is to use technologies which do not employ solvents, such as bulk polymerization, although other difficulties can arise. For example, the presence of solvent keeps the viscosity low as polymers are formed, which translates into improved heat transfer and prevention of thermal runaway.
3 Solution polymerization may also present some chain transfer to solvent reactions which can have an impact on the polymer product's molecular weight. Emulsion polymerization can be an attractive alternative to solution polymerization although desirable enduse properties are not always achieved. 4 Therefore, the superior properties of polymers prepared by solution polymerization suggest that rather than altering the polymerization technology, one could look for more environmentally friendly solvents to replace more harmful conventional solvents.
5
The choice of polymerization solvent is influenced by a number of issues. It should be non-toxic and reasonably nonhazardous, but versatile. Water is a non-toxic, inexpensive and abundantly available solvent, and therefore a good candidate. However, its polarity makes it extremely difficult to be a substitute for organic solvents because of solubility issues. Recently, non-classical solvents such as supercritical fluids have been considered as an alternative media. Supercritical water and carbon dioxide were investigated as green solvents for polymerization. 7 In view of the fact that water exists in the supercritical state at temperatures above 647 K and pressures above 217 atm (21987 kPa), it can perform as a nonpolar solvent mainly due to the absence of hydrogen bonding under these extreme conditions. However, implementation of this technology can cause corrosion problems. Considering economic reasons, one can surmise that supercritical water may not be a convenient solvent alternative.
7
With growing concerns over the volatile organic content (VOC) of common solvents, ionic liquids have attracted attention as an environmentally friendly alternative.
8 Ionic liquids are organic salts which are in the liquid state at ambient temperatures. Ionic liquids are composed of ions, unlike conventional solvents which are molecular liquids; e.g., chloroaluminate compounds and imidazolium-based salts such as imidazolium tetrafluoroborates can exist at room temperature with very low vapor pressures.
9, 10 In general, ionic liquids are not miscible with many organic solvents, particularly when the latter are non-polar, such as hexane.
11 Ionic liquids have yet to be commonly applied in the polymer industry, perhaps because of their high cost and the lack of data concerning their toxicity and biodegradability.
12
Another interesting alternative to conventional polymerization solvents is biodiesel. While primarily used as an environmentally friendly alternative or extender to petroleum diesel as a fuel source, some studies have been done on the solvent power of biodiesel.
5 Biodiesel is environmentally benign, has a low volatility and is also a renewable material with low viscosity and good solubility properties. 13 Based on the definition of the American Society for Testing and Materials (ASTM), biodiesel can be defined as alkyl esters of long chain fatty acids derived from a lipid feedstock. The most common method to produce biodiesel is via base-catalyzed transesterification of vegetable oils and animal fats with an alcohol. 13 Typically, methanol is the alcohol of choice, and the resulting esters are fatty acid methyl esters (FAME). The C16-18 methyl esters that comprise the The Occupational Safety and Health Administration (OSHA) in the United States reports permissible exposure limits (PEL) for chemical concentrations to which one may be exposed with no harmful health effects. 2 In Table 1 , the toxicity, PEL values and approximate prices for biodiesel and some common polymerization solvents are shown. It is evident from the table, that biodiesel is an attractive choice in terms of both cost and safety.
There are no reported uses of biodiesel as a polymerization solvent. Methyl oleate, a major component of biodiesel (∼55-65 wt% for canola-based biodiesel), has previously been used in its pure form as a polymerization solvent in the 1960's.
16
However, pure methyl oleate comes at a high cost (see Table 1 ). In the work presented here, the application of FAME as a polymerization solvent is reported for four commercially important monomers: methyl methacrylate (MMA), styrene (Sty), butyl acrylate (BA) and vinyl acetate (VAc). Chain transfer to solvent rate constants are also estimated. Finally, the experimental kinetic data are modeled using the WATPOLY polymerization simulator.
17

Experimental
The monomers MMA, BA, VAc and Sty (Sigma-Aldrich) were received inhibited by 0.05 ppm hydroquinone. To remove the inhibitor, VAc was distilled under vacuum while BA, MMA and Sty were washed 3 times with a 10% (v/v) sodium hydroxide solution, then washed 3 times with distilled de-ionized water and dried over calcium chloride prior to vacuum distillation. Distillations were completed a maximum of 24 h prior to polymerization, and the monomers were stored at −10
• C. The initiator 2,2-azobisisobutyronitrile (AIBN, DuPont Chemicals) was recrystallized 3 times in absolute methanol. FAME was obtained by transesterification of canola oil (No Name R ) with methanol (reagent grade, Commercial Alcohols Inc.) in the presence of sodium hydroxide catalyst in a membrane reactor process. 18 The FAME product from the reactor was washed 5 times with de-ionized water, which was then removed under vacuum. Hexane and methanol (analytical grade, Sigma-Aldrich), and all other solvents used for sample characterization were employed without further purification.
Polymerizations were performed in sealed glass ampoules (17 cm length, 0.8 cm outer diameter) at 60
• C in a water bath.
The feed was prepared by weighing the monomer, FAME solvent and initiator into a flask and delivered into a series of 5 mL glass ampoules. The same ratio of initiator to monomer, 0.4 phm (parts per 100 parts by weight of monomer), was utilized for all concentrations of monomers. The ampoules were degassed by several freeze-pump-thaw cycles under high vacuum, were flame sealed and then submerged in a constant temperature water bath. At the appropriate time interval, ampoules were removed from the bath and quenched in an ice bath to stop the reaction. The ampoules were broken and the contents poured into a pre-weighed beaker. The solution was diluted with 5 mL of acetone. The extraction of polymer was done by precipitation in hexane (for MMA, VAc and Sty) and in methanol (for BA) at room temperature. The polymer-monomer-FAME solution was added slowly to the non-solvent (i.e., hexane or methanol) while stirring, and generally appeared as a fine white fiber or a milky dispersion. After settling for ∼24 h, decantation and evaporation of the non-solvent, the extracted polymer was dried in a vacuum oven at 40
• C until a constant weight was reached. The solution polymerization experimental conditions are summarized in Table 2 .
Conversion was calculated by gravimetry. The cumulative number-and weight-average molecular weights were determined using a Waters Associates gel permeation chromatograph equipped with a Waters model 410 refractive index detector. Three Waters Ultrastyragel packed columns (10 3 , 10 4 , and 10 6 Å ) were installed in series. THF was filtered and used as the eluent at a flow rate of 0.3 mL min −1 at 38 • C. The universal calibration method was used with 10 standard samples of polystyrene (SHODEX, Showa, Denko, Tokyo, Japan) with peak molecular weights between 1.3 × 10 3 and 3.15 × 10 6 g mol −1 . Standards and samples were prepared in THF 0.2% (w/v) solutions and filtered prior to injection through 0.45 lm PTFE filters to remove any Table 3 .
Results and discussion
Many solvents are known to have some effect on kinetic reaction rate constants and therefore on the rate of polymerization. Studying the chain transfer to solvent constant, C fs , is one conventional way to observe the effect of solvent on polymerization kinetics, where
k fs is the chain transfer to solvent rate parameter and k p is the propagation rate parameter. Various methods can be employed to determine the value of C fs . 21 Traditionally, the Mayo method, 22 which shows the quantitative effect of various transfer reactions on the numberaverage degree of polymerization, has been used. This method is based on overall chain growth and chain stopping rates under the assumption of steady state and uses the long-chain approximation. 21 An alternative is the chain-length distribution (CLD) method, which has been developed by Clay and Gilbert.
23
This latter procedure is based on the calculation of the high molecular weight slope for the number molecular weight distribution. Both procedures yield very similar results, especially in chain transfer-dominated systems. 21 In the work presented here, transfer constants were obtained using the Mayo equation:
whereX n is the number-average degree of polymerization, R p is the rate of polymerization, k t , k p and k d are the termination, propagation and initiator decomposition rate coefficients, respectively. f is the initiator efficiency, [M] and [S] are the concentrations of the monomer and solvent, respectively, and C fm , C fs and C fi are the transfer constants to monomer, solvent and initiator, respectively. On the right hand side of eqn (2), the first term represents the contribution of the rate of polymerization and termination, the second term corresponds to the effect of transfer to monomer on polymer chain size, the third term describes the role of transfer to solvent reactions and the last term expresses contributions of the initiator. In our case, the third term on the right hand side of eqn (2) makes the biggest contribution to the degree of polymerization. By using low concentrations of initiator or initiators with very small C fi values (e.g., AIBN), the last term in eqn (2) becomes negligible and rate retardation becomes minimal. 3 In addition, by keeping k t R p /[M] 2 constant, the first term on the right hand side may be kept constant by adjusting the initiator concentration over a series of separate polymerizations. Nonetheless, this term will change with changes in [S]/[M] because the termination rate parameter, k t , is chain length dependent and will vary due to the effect of [S]/[M] on the average chain length. This is a weakness of the Mayo method; however, the effect is not significant for all practical purposes.
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Under these conditions, eqn (2) is reduced to
where (1/X no ) is the value of (1/X n )in the absence of solvent.
The value of C fs is obtained from the slope of the line by plotting
. All data regarding the calculation of C fs for each monomer are given in Table 4 . The corresponding Mayo plots are given in Fig. 1 . All polymers except pMMA were soluble in FAME and the values of the chain transfer constant for any compound increased in order: MMA < Sty < BA < VAc. This matches the order of increased resonance stabilization by the particular substituent of the radical produced from the monomer.
3
Chain transfer values were all larger than that for polymerization in conventional solvents such as toluene or benzene. Therefore, average molecular weights are higher in these nongreen solvents. 24 Transfer constants for these and some other polymerization solvents are shown in Table 5 . This corresponds to a major issue in transfer to solvent phenomena which relates to solvent structure and reactivity. In many cases, the addition of active radical sites to monomer is thwarted since solvent radicals are more stable than monomer radicals. Therefore, the nature of the solvent is important. For example, benzene has a low C fs value (see Table 5 ) because of strong C-H bonds and also transfer to solvent in this case appears to occur through the addition of the propagating radical to the benzene ring. In toluene, weaker benzylic bonds result in a higher C fs value compared to benzene (see Table 5 ). The radical is resonance stabilized, which makes the abstraction of benzylic hydrogen easier. On the other hand, esters which typically comprise FAME would be expected to have higher transfer constants compared to 
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aliphatic and aromatic hydrocarbons because of C-H breakage and stabilization of the radical by an adjacent carbonyl group. As expected, the cumulative number-average molecular weights increased by decreasing the solvent concentration (see Table 4 ). The molecular weight was higher at low MMA conversions compared to the other systems at the same stage of reaction. This can be due to the effect of delayed termination in the precipitation polymerization mechanism. 25 For pVAc, a low molecular weight polymer was produced because of a high rate of transfer to solvent (i.e., C fs = 190.98 × 10 4 ) which is an effect of low monomer reactivity in addition to the high transfer to monomer rate constant.
26
In Fig. 2-5 , conversion vs. time data are shown for the four different monomers at three different solvent concentrations, along with model predictions from the WATPOLY simulator.
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The parameters for FAME, which include physical property data and the estimated C fs values, were added to the simulator's database. The model was fitted to the experimental conversion and molecular weight data by changing the lumped rate parameter (k p /k t 1/2 ) for each individual monomer concentration. As can be seen in Fig. 2-5 , within experimental error, the model demonstrates reliable predictions in almost all cases using a single lumped parameter for each monomer. The value of the modified parameters (k p /k t 1/2 ) were 0.2, 0.24 and 0.31 for This indicates different effects of solvent on propagation and termination rate constants for each individual monomer. In Figs. 6-9, cumulative average molecular weight vs. conversion data together with model predictions are shown at 40 wt% solvent concentrations for MMA, BAc and BA, respectively. Solvent can affect the individual propagation and termination rate parameters. 20 The pulsed-laser polymerization (PLP) data show that changing solvent viscosity and polarity has no significant effect on the propagation rate coefficient of Sty and MMA but preferential solvation of the radical site seems to occur when polymer precipitation takes place, thus increasing the monomer concentration at the free radical site and increasing the apparent k p . 27 There is evidence of either a radical-solvent or radicalmonomer complex, which participates in propagation reactions and modifies the propagation rate parameter. The stability and reactivity of these complexes determines the effect on k p .
24
Regarding the effect on k t , it is known that k t is nearly always diffusion-controlled. 28 By increasing the solvent concentration, more transfer to solvent reactions are possible, resulting in faster termination reactions due to the generation of shorter and more mobile chains. This leads to an increase in k t and, therefore, to a decrease in the rate of polymerization. 29 Regardless of the effect of solvent on the individual rate parameters, it is the lumped rate parameter, k p /k t 1/2 , which should be manipulated because the individual parameters are coupled.
A considerable difference in the polymerization rate was observed for all monomers by changing the concentration of solvent. Therefore, the solvent must be a major contributing factor to the change in rate in addition to the effect of dilution. The lowest polymerization rate was at the monomer/FAME ratio of 50/50 wt%, whereas the highest was observed for a ratio of 80/20 wt% for each polymer system. In general, the lowest rate of polymerization was observed for VAc, which is not surprising given its high transfer to solvent coefficient compared to other monomers. All polymers were soluble except pMMA, which precipitated in the FAME. The same behavior was observed for pMMA in methyl oleate.
16
Conclusions FAME derived from canola oil fulfills the demands of a solution polymerization solvent for homopolymerization of MMA, Sty, BA and VAc. Reactions at different solvent concentrations have been investigated to verify the effect of this solvent on polymerizations. Increasing solvent concentration from 20 to 50% with all other factors kept constant was more pronounced for VAc. MMA was precipitated in FAME during polymerization. Transfer constants to solvent were in the order MMA < Sty < BA < VAc. Model predictions showed reasonable agreement for all monomers with experimental data when new solvent data and changes in k t and k p were incorporated into the model.
Given its high boiling point, using FAME as a polymerization solvent can increase productivity by enabling polymerizations at elevated temperatures. Solution polymerization of the monomers employed in this study at 120
• C using canolabased FAME resulted in faster reaction rates with no evidence of polymerization of the solvent. 30 However, long reactions at high temperatures may result in complementary decomposition reactions of FAME. 31 A high degree of chain transfer to solvent when using FAME as the polymerization medium will lead to lower molecular weight polymer products, which may be desirable in some product applications.
